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Abstract

The high-pressure structure and stability of the calcic amphibole tremolite
(CaxMgsSisO022(OH)2) was investigated to ~40 GPa at 300 K by single-crystal X-ray diffraction
using synchrotron radiation. C2/m symmetry tremolite displays a broader metastability range
than previously studied clinoamphiboles, exhibiting no first-order phase transition up to 40 GPa.
Axial parameter ratios @/b and a/c, in conjunction with finite strain versus normalized pressure
trends, indicate that changes in compressional behavior occur at pressures of ~5 and ~20 GPa.
An analysis of the finite strain trends, using third-order Birch-Murnaghan equations of state,
resulted in bulk moduli (K7 ) of 72(7), 77(2), and 61(1) GPa for the compressional regimes from
0-5 GPa (regime I), 5-20 GPa (II), and above 20 GPa (III), respectively, and accompanying
pressure-derivatives of the bulk moduli (K’ ;) of 8.6(42), 6.0(3), and 10.0(2). The results are
consistent with first-principle theoretical calculations of tremolite elasticity. The axial

compressibility ratios of tremolite, determined as 8 : Bp: B = 2.22:1.0:0.78 (regime 1),
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2.12:1.0:0.96 (1I), and 1.03:1.0:0.75 (III), demonstrate a substantial reduction of the
compressional anisotropy of tremolite at high pressures, which is a notable contrast with the
increasingly anisotropic compressibility observed in the high-pressure polymorphs of the
clinoamphibole grunerite. The shift in compression-regime at 5 GPa (I-II) transition is ascribed
to stiffening along the crystallographic a-axis corresponding to closure of the vacant A-site in the
structure, and a shift in the topology of the a-oriented surfaces of the structural I-beam from
concave to convex. The II-III regime shift at 20 GPa corresponds to an increasing rate of
compaction of the Ca-polyhedra and increased distortion of the Mg-octahedral sites, processes
which dictate compaction in both high-pressure compression-regimes. Bond-valence analyses of
the tremolite structure under pressure show dramatic overbonding of the Ca-cations (75% at 30
GPa), with significant Mg-cation overbonding as well (40%). These imply that tremolite’s
notable metastability range hinges on the calcium cation’s bonding environment. The 8-fold
coordinated Ca-polyhedron accommodates significant compaction under pressure, while the
geometry of the Ca-O polyhedron becomes increasingly regular and inhibits the reorientation of
the tetrahedral chains that generate phase transitions observed in other clinoamphiboles.
Peak/background ratio of diffraction data collected above 40 GPa and our equation of state
determination of bulk moduli and compressibilities of tremolite in regime II1, in concert with the
results of our previous Raman study, suggest that C2/m tremolite may be approaching the limit
of its metastability above 40 GPa. Our results have relevance for both the metastable compaction
of tremolite during impact events, and for possible metastable persistence of tremolite within

cold subduction zones within the Earth.

Introduction:
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The physical and chemical processes that occur at subduction zones are central to
understanding the dynamics of the crust and upper mantle of the Earth. The subduction of
volatiles, such as the water contained in hydrated mineral phases, is responsible for much of the
chemical cycling that occurs between the crust and upper mantle (e.g., Stern, 2002). The
dewatering of such phases in the downgoing oceanic lithosphere and accreted sediments leads to
flux melting in the overlying mantle wedge and the production of new continental crust through
arc volcanism (Pawley and Holloway, 1993). Amphiboles are a complex group of hydrated
silicate minerals with a wide range of chemical compositions that form under a wide range of
pressures and temperatures (Hawthorne, 1981), and therefore are common constituents of altered
oceanic crust and metamorphic rocks throughout subduction zones. While the thermodynamic
stability of amphiboles has been experimentally constrained to ~2.5 GPa (depths of ~70-90 km)
under equilibrium conditions in mid-ocean ridge basalt and andesitic bulk compositions (Poli and
Schmidt, 1995; Schmidt and Poli, 1998; Poli and Schmidt, 2002), experimental work has
demonstrated that mantle assemblages may potentially contain alkalic amphiboles stable at high
temperatures to pressures beyond 12 GPa (e.g., Konzett and Fei, 2000). Moreover, extensive
experimental work has shown that tremolite decomposition is heavily impeded by kinetic effects
at ambient pressures, with tremolite persisting metastably for geologically-relevant times at
temperatures outside of its stability field (Johnson and Fegley, 2000; 2003). Thus, amphiboles
are known for their metastable persistence over long timeframes, and the motivations for this
study include probing the structural properties of tremolite under metastable conditions. Indeed,
several studies, including our recent spectroscopic study of the calcic amphibole mineral
tremolite, suggest that the metastability of amphibole structures extends to much higher

pressures than their formal thermodynamic stability range—to pressures as high as 50 GPa—in
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lower-temperature/favorable chemical environments (Thompson et al., 2016; Yong et al., 2019;
Ott and Williams, 2020; Bang et al., 2021). These observations are consistent with the apparent
metastable persistence of tremolite to pressures of ~65 GPa under shock-loading (Simakov and
Trunin, 1980). Hence, the potential abundance of tremolite within both a subset of large asteroids
(Hamilton et al., 2021) and perhaps within the altered crusts of both Venus and Mars (Johnson
and Fegley, 2003; Griffith and Shock, 1995) indicates that the behavior of shocked, metastable
tremolite may be important for impact events on the terrestrial planets. Thus, a primary goal of
this study is to illuminate the structural response of tremolite under large degrees of metastable
compression.

The amphibole mineral tremolite (CaxMgsSigO22(OH)2) is an inosilicate with monoclinic
symmetry that crystallizes in the crystallographic space group C2/m (Hawthorne, 1981). Figure 1
illustrates the general structure of tremolite and other monoclinic amphiboles—that of an
interconnected network of I-beams composed of double-chains of corner-sharing SiO4 tetrahedra
(T1 and T2 crystallographic sites) sandwiching sheets of octahedrally coordinated divalent Mg
cations (M1, M2, and M3 sites) extending along the c-axis with Ca?* cations (M4 sites) cross-
linking the offset stacks of I-beams along the b-direction (Papike and Ross, 1970; Law and
Whittaker, 1980). Adjacent I-beams along the g-direction are separated by the A site in
amphiboles, which is vacant in the tremolite structure and is shown in Figure 1 as a void in the
structure between the Ca cations along the b-axis.

The structure of tremolite has been studied previously at ambient conditions by X-ray and
neutron diffraction (Hawthorne and Grundy, 1976), at low and high temperatures (Sueno et al.,
1973; Yang and Evans 1996), and high-pressure X-ray structural refinements of tremolite were

performed to a maximum pressure of 4.1 GPa by Comodi et al. (1991). The previous diffraction
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studies of tremolite did not observe any pressure- or temperature-induced phase transitions.
However, phase transitions have been found in other monoclinic amphiboles at elevated
pressures and temperatures. In the cummingtonite-grunerite solid solution series
((Mg,Fe)2(Mg,Fe)sSig022(OH)2 ), pressure-induced phase transitions have been observed from
the C2/m to P21/m space groups at ~1.21 GPa for cummingtonite (Yang et al., 1998) and ~3 GPa
for grunerite (Yang et al., 1998; Boffa Ballaran et al., 2000; Yong et al., 2019). A second phase
transition was reported for grunerite from the P2;/m to C2/m space groups at ~19.2 GPa (Yong et
al., 2019). A temperature-induced transition in cummingtonite has been observed from the P2;/m
to the C2/m space group in the 240 K to 373 K range, depending upon its composition and cation
site occupancies (Prewitt et al., 1970; Sueno et al., 1972; Yang and Smyth, 1996). The structural
similarity (e.g., vacant A-site) between the cummingtonite-grunerite solid solution and tremolite
suggests the possibility that similar phase transitions might occur in tremolite. Our Raman
spectroscopic study of tremolite to 49 GPa showed indications of possible shifts in
compressional mechanisms at pressures above 10 GPa, but the structural origin of these shifts is
unknown (Ott and Williams, 2020).

In this study, we perform single-crystal X-ray diffraction experiments with synchrotron
radiation to investigate the compressibility and metastability of tremolite to ~40 GPa. We refine
the structure of tremolite under ambient conditions and high pressures at quasi-hydrostatic
conditions. The results of the structural refinements are used to determine the unit cell
parameters and volume of the tremolite structure under compression and analyze the elastic
response of the mineral. Our objectives are to determine whether tremolite undergoes any subtle

phase transitions or changes in its compressional mechanisms during compaction, and to
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compare the high-pressure behavior of tremolite to that of other monoclinic amphiboles under

pressures relevant to the crust and upper mantle in subduction zones.

Experimental Methods:

The tremolite used in this study is a natural sample from the Crevoladossola marble of
the Novara province of Italy with composition
Nao.102)Ko.012)Caz.06(17Mga.93(10)Al0.13(1)S17.8824)O022( OHo.9829)F 1.02(14)) as determined by energy-
dispersive X-ray spectroscopy (EDS) using a ThermoFisher Scientific Apreo variable-pressure
scanning electron microscope (SEM) at 20kV accelerating voltage. The composition was
determined through analysis of 5 regions of a polycrystalline tremolite sample with a polished
face of dimensions ~5 x 15 mm normalized to an oxygen and fluorine content of 24 apfu
(Hawthorne and Oberti, 2007). The results of this EDS analysis are included in supplemental
data table S1. We performed a Raman spectroscopic study of crystals from the same bulk sample
previously, and there were no indications of calcite or dolomite inclusions in the mineral. There
is also no evidence of significant substitution of Fe?* for Mg?* in the M1, M2, or M3 octahedral
sites, and therefore the mineral appears to be of nearly end-member composition (Ott and
Williams, 2020).

Ambient and high-pressure single-crystal X-ray diffraction studies were carried out at
beamline 12.2.2 at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory
(Kunz et al., 2005). Elongated crystals from the tremolite hand sample were crushed in an agate
mortar and pestle, and several block-shaped single-crystals with no visible fractures were

selected for this study.
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Ambient Conditions X-ray Diffraction:

An irregularly shaped tremolite single-crystal was selected under a polarized microscope
using a micromesh mount (Mitegen USA) with 30 pm aperture size and was mounted on the
goniometer of the STOE StadiVari X-ray single-crystal diffractometer at end-station 1 of
beamline 12.2.2. The diffraction data were collected with an RDI CMOS 1M detector.
Shutterless single-crystal X-ray diffraction measurements were performed using synchrotron
radiation monochromated by silicon (111) at an energy of 30 keV (0.4133 A). Data collection (¢-
scans) was performed at room temperature at step widths of 1° using an x-ray beam focused to ~
80(H) pm x 50(V) um in FWHM. A typical exposure time of 0.5-2 s/° that maximizes the
intensities of the diffraction peaks without saturation was selected. A NIST standard (SRM 1990,
single-crystal ruby sphere) was used to calibrate the beamline characteristics, such as sample
distance and wavelength (Wong-Ng et al., 2001). Data were integrated using XAREA 1.76 (Stoe
and Cie, 2009). Integrated intensities were scaled and corrected for absorption (with the
numerical absorption correction) using LANA (Koziskova et al., 2016) and X-RED32

(equivalent to the work of Coppens (1970)) packages embedded in XAREA.

High-Pressure X-ray Diffraction:

High-pressure diffraction data were collected using tremolite single-crystals of
dimensions ~10 x 20 x 20 pm loaded into either a BX-90 diamond anvil cell (DAC) equipped
with 350 um culet type Ia diamond anvils, or a short symmetric-type DAC equipped with 300
um culet 80° aperture Boehler-Almax type diamonds. The gaskets were machined by pre-
indenting 250 um thick rhenium to 30 um thickness, and a circular 130 pm diameter sample

chamber was drilled with a laser-milling system. Residue from the laser milling process was
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removed by hand initially, and then gaskets were cleaned ultrasonically with acetone followed by
deionized water. Gaskets were mounted to the piston-side diamond anvil, and the tremolite
crystals loaded at the center of the sample chamber and several small ruby crystals (< 10 pm
diameter) placed around the sample as a pressure standard. The DAC was gas-loaded at the ALS
with neon as a pressure transmitting medium, as this medium has been shown to behave close-to-
hydrostatically up to pressures approaching 50 GPa (Klotz et al., 2009). Diffraction data were
collected up to ~47 GPa over pressure-steps ranging from 0.5 to 5 GPa. After sample
equilibration for 15 minutes at each pressure-step, pressure measurements were made using ruby
fluorescence in conjunction with the R1 and R2 peak locations (Mao et al., 1986). Pressure
measurements were repeated after collection of each set of diffraction images to monitor for any
drift in pressure, with no detected changes in pressure larger than the uncertainty of the
calibration of Mao et al (1986).

The high-pressure diffraction data were collected at end-station 2 of beamline 12.2.2
using synchrotron X-rays monochromated by silicon (111) with an energy of 30 keV
(wavelength of 0.4132(1) A) that was focused to a 10 x 10 um spot. The diffracted X-rays were
collected on a Pilatus3 S 1M fast detector. A typical exposure time of 1.0 s/° was selected for
data collection. Detector distance and wavelength calibration were performed using a NIST
single-crystal ruby sphere (Wong-Ng et al., 2001). The sample was aligned to the rotational
center of the goniometer, and data were collected throughout the angular range of 8 = —30° to
30° (in 0.50° and 1.00° increments) for a total coverage of 60° sample rotation.

Data collection was performed using a LabView code produced at the ALS, and data
were reduced to hkl-sorted structure factors using APEX3 (Bruker, 2016). Unit cell parameters at

each pressure-step were determined up to 38.7 GPa by a least-squares refinement of ~300
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reflections harvested from 60-120 frames in the § = —30° to +30° range. After indexing of the
diffraction pattern and determination of the Bravais lattice, the NIST ruby calibration was
applied, and the unit cell parameters were refined. Loss of intensity in the diffraction data
collected at pressures above 38.7 GPa resulted in a weak peak/background ratio in the reciprocal
lattice that prevented indexing and refinement of the unit cell parameters. The data were
integrated using the program SAINT v8.34A. A few individual reflections (with negative and
almost zero intensities) were removed from the data set because their intensities were affected by
simultaneous diffraction events in the diamond anvils. Data were corrected for the reduction of
reflection intensities due to the DAC-gasket shadowing in APEX. Structures were solved using
direct methods in SHELXS and further refinements were carried out with SHELXL (Sheldrick,
2008) by full-matrix least-squares on F2. A total of ~250 unique reflections were available for
subsequent structural analysis.

The crystal structures were refined at 7 pressure points (set 3, in the range of 0-30 GPa,
supplemental table S2) with isotropic displacement parameters. For every structure, ~42
parameters including overall scale factor, isotropic atomic displacement factors, and fractional
coordinates of the atoms were refined. Substitutional disorder between oxygen and fluorine was
modeled in the ambient-conditions diffraction data by constraining O3 and F anions to share the
same atomic position and displacement parameters and refining their partial occupancy of the O3
site. The resultant O/F occupancy ratio of 0.56/0.44 lies within the margin of uncertainty of the
EDS compositional analysis, therefore the occupancy of the O3 site was fixed at these values for

all high-pressure structural refinements.

Results and Discussion:
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Ambient Pressure Structural Refinement and Unit Cell Parameters:

Analysis of the ambient pressure single-crystal data produced a structural model for
tremolite with unit cell parameters a = 9.833(2) A, b =18.046(4) A, c=5.274(1) A, p =
104.76(3)°, and ¥ =904.9(3) A® and systematic absences consistent with the C2/m space group.
The atomic positions of the ambient pressure structural refinement are presented in Table 1 and
Figure 1 shows the refined structure. This result is in excellent agreement with previous work on
near end-member-composition tremolite at ambient conditions (e.g., Comodi et al., 1991; Yang
and Evans, 1996). In particular, the S-angle, which is sensitive to small amounts of
cummingtonite substitution (Yang and Evans, 1996), is indistinguishable from those of
tremolites with negligible substitution. Atomic positions from our ambient pressure structural
refinement were used to calculate the thickness and separation of the I-beam structural unit. In
the following discussion, we use same the nomenclature as Comodi et al. (1991) to refer to the
thickness of the I-beam in the a-direction between geometrically equivalent oxygens with a
single-prime (e.g., 04-04’), and separation between I-beams with a double-prime (e.g., O4-
04”). Our measured thickness of 6.591(3) A at the center of the I-beam (07-O7 distance) and
7.054(3) A at the edge (04-O4’ distance) are respectively 2.6 and 1.4% larger than the room-
pressure results of Comodi et al. (1991), which may be ascribed to compositional differences in
our respective tremolite samples. Still, we find a similar value for the reduction in thickness at
the center of the I-beam (~0.5 A) attributable to the bowed structure of the SiO4 double-chains in
amphiboles as reported in previous studies (e.g., Papike and Clark, 1968; Comodi et al., 1991).
The hydrogen atoms were not resolvable in the electron density map and, therefore, were not

included in the refinement of the tremolite structure.
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High Pressure Unit Cell Parameters and Perseverance of C2/m Structure:

Results for the unit cell parameters and volume of the tremolite structure for the ambient-
and high-pressure experiments are presented in Table 2, and the normalized change in the
volume and unit cell parameters are shown up to 38.7 GPa in Figure 2. Tremolite persists in the
C2/m space group throughout the pressure range investigated, with no apparent discontinuities in
the volume or axial parameters, and thus no indication that tremolite undergoes a first-order
phase transition over the pressure range of this study, in accord with our prior Raman results (Ott
and Williams, 2020).

The evolution of the monoclinic f-angle in tremolite over the pressure range of the
experiment is, however, complex. Figure 3 shows the change in the f-angle as a function of
pressure, which initially increases, as in other monoclinic amphiboles investigated by high-
pressure single-crystal XRD studies (Comodi et al., 1991; Yang et al., 1998; Yong et al., 2019).
However, in tremolite, the f-angle reaches a maximum between 10 and 13 GPa and begins
decreasing, until ~22-28 GPa, where the trend reverses, and the f-angle appears to weakly
increase in the data set (set 2) that accesses this pressure-range. As the data collected above 38.7
GPa could not be indexed, it is unclear whether the decrease in the f-angle at the maximum
pressure datum represents another change in the trajectory of the f-angle or scatter/uncertainty in
the data. Although the behavior of the monoclinic angle with pressure is clearly complex, its
total variation is quite small: its maximum change (near 12 GPa) is substantially less than a
degree.

Whittaker (1960) ties the M4-O4 bond length and thus the radius of the ion occupying the
M4 site to the f-angle of monoclinic amphiboles, which in turn can be related to the degree of

closest packing of the oxygen anions in the structure (Yong et al., 2019). In the X-ray diffraction
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studies by Yang et al. (1998) on cummingtonite and Yong et al. (2019) on grunerite, the M4 site
is primarily occupied by Fe?" cations and the initial f-angle of ~102° increases through the entire
pressure range of their experiments. Yang et al. (1998) and Yong et al. (2019) observe that
during the C2/m-P2;/m phase transition the S104 double chain splits into two distinct chains: an
O-rotated B-chain corresponding to the sense of rotation of both chains in the C2/m structure,
and an S-rotated A-chain. Papike and Ross (1970) provide a discussion of chain rotation in
inosilicates. This reduction in symmetry of the structure is accompanied by an increase in the
coordination of the M4 sites in cummingtonite and grunerite from six—two M4-02 bonds, two
M4-04 bonds, and two M4-0O6 bonds—to seven by the inclusion of one M4-O5 bond in the
coordination of the M4 site. The P2;/m-C2/m phase transition to y-grunerite at ~19 GPa
described by Yang et al. (2019) involves a return of both tetrahedral chains to an O-rotated
configuration in conjunction with a discontinuous increase in the f-angle to 107.99° and a return
of the M4 site to six-fold coordination—with the difference that the M4 site is now coordinated
to two OS5 anions in place of the two O6 anions in the low-pressure C2/m phase. Therefore, the
sequence of increasing-pressure phase transitions in the cummingtonite-grunerite solid solution
allows the oxygen anions to move into more closely packed configurations with higher pressures.
In contrast, the M4 site of tremolite, with its larger, eight-fold coordinated Ca?* cations,
generates a larger ambient pressure f-angle, implying that the oxygen anions are more closely
packed than in the cummingtonite-grunerite solid solution series at low pressures. Indeed, the
ambient-pressure volume of tremolite is ~1% less than that of grunerite (Yong et al., 2019). The
increase of the f-angle to a maximum at pressures of ~11-14 GPa, followed by a decreasing
trend that reverses to weakly increase at pressures greater than 22 GPa, suggests that the

structural accommodation of compression in tremolite is governed by steric effects created by
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the presence of the more sizeable calcium cation in the M4 site of tremolite and its coordination
to eight oxygen anions throughout its compaction. The high-pressure shifts in the trend of the S-
angle may also be driven by the significant changes in the geometry of the M4 site under
compression. As shown in Figure 6, the M4-OS5 bond distance in tremolite is by far the most
compressible, with it initially being the longest bond distance associated with the Ca-polyhedra
and becoming smaller than the M4-O6 distance at pressures near 16 GPa. The close approach of
the M4-0O5 distance to the M4-O6 distance occurs near the pressure at which the f-angle reaches
its maximum: this is in accord with the observation by Sueno et al. (1973) that the shift in 6- to
8-fold coordination of the M4 cation results in a general increase in the f-angle: this is a
transition that we clearly document under compression. The mean size of the M4 site also clearly
is seminally important here: it has long been recognized that decreases in the M4 site size
produce an increase in the f-angle at ambient pressure (e.g., Whittaker, 1960). At higher
pressures, the topological requirement that the tetrahedral double chains remain in register with
the octahedral strips in the structure (through the M4 site) dictate that the sizes and distortions of
the M1, M2, and M3 sites must also play a role in the ultimate value of the f-angle: a conclusion
consistent with Hawthorne and Oberti’s (2007) analysis of the factors governing the S-angle.
Thus, the most likely interpretation of the decrease in the f-angle above 11-14 GPa is that it is
generated by topological constraints generated by the relative compressibilities of the M1, M2,
and M3 sites (which, as illustrated in Figure 6, are notably smaller than that of the M4 site), and
hence that the (meta)stability of the tremolite structure dictates that the incompressibility of the

octahedral strip begins to dictate the pressure dependence of the f-angle above ~14 GPa.

Bulk Moduli, Equations of State, and Axial Compressibilities:
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While our analysis shows that tremolite does not undergo a phase transition up to 39 GPa,
there are, nonetheless, slope changes in the trends of the axial parameters and the volume of the
tremolite unit cell with increasing pressure (Figure 4). These slope changes are clearly apparent
in the variations of the axial ratios of the unit cell with pressure; these are most readily fit by
linear trends across three different pressure intervals. Figure 4 also illustrates the axial ratios a/b
and a/c for tremolite alongside the ratios reported for cummingtonite (Yang et al., 1998) and
grunerite (Yong et al., 2019). The reported results of Yang et al. (1998) display a change in the
slopes of a/b and a/c that occurs in conjunction with the C2/m-P2;/m phase transition in
cummingtonite. Interestingly, in the results of Yong et al. (2019), the axial ratios for grunerite
show both slope changes and discontinuities that occur with the C2/m-P2;/m transition near ~7
GPa and the P2;/m-C2/m transition near ~19 GPa. Both the studies of cummingtonite and
grunerite conclude that changes in compression mechanisms occur in conjunction with the
observed phase transitions. The changes in the pressure dependences of the axial ratios of
tremolite suggest that the structure undergoes isostructural shifts in its compressional
mechanisms, with the first change being near ~5 GPa and a second near ~20 GPa. These shifts
are likely not abrupt and could span a range of roughly +1 GPa for the lower pressure transition,
and a more loose bound of +2 GPa for the higher-pressure shift. Interestingly, the apparent
changes in the compression mechanism of tremolite occur at close to the same pressures as the
phase transitions and compressibility changes observed in grunerite.

Whether these shifts in the pressure dependences of axial ratios are manifested in the bulk
elasticity of tremolite can be assessed from equation of state fits to the different compressional

ranges of Figure 4. In fitting the pressure and volume data to an equation of state, data were
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transformed and plotted on an Fz-fz plot, where fz was calculated using the Eulerian definition of

finite strain as

2
1| (V)3
o=l o
and Fg 1s the normalized pressure determined as

P

Fp=——=

5
3fe(1+2fE)2

using the methodology described by Birch (1978). The Fe-fg results for our tremolite data are
shown in Figure 5a, and these also suggest that there are three separate regimes of compressional
behavior (we refer to these, with increasing pressure, as tremolite compression-regimes I, I, and
III). The slope changes occur at finite strains corresponding to ~5 GPa and ~20 GPa, which are
consistent with the changes in the slopes of the axial ratios of tremolite (Figure 4). Any
relationship with the changes in the B-angle is less clear, but the higher-pressure shift may be
associated with a change in the pressure-dependence of this angle. Least-square fits to the Fe-f¢
data display linear trends with varying positive slopes in each regime (with the highest-pressure
regime having the steepest positive slope), thus indicating that the data are best described using a
sequence of third-order equations of state (Angel, 2000b). The values of K, and K’ are estimated
by applying the equations:

Fg=Ki(I+af) @)
with K determined as the intercept of the fit line with the Fg-axis (Figure 5a), and

K'=Za+4 (4)
for data fit by a third-order equation of state (Birch, 1978; Angel, 2000b), in which Kj is the
intercept of the Fr-f trend, and a is the slope. Data in compression-regime I were also fit using a

constrained isothermal bulk modulus of 78 GPa as determined for tremolite by Brown and
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Abramson (2016) using Reuss bounds and elastic moduli measured by impulsive stimulated light
scattering. The volume and pressure data for each compression-regime were used along with our
estimated values for K, and K’ to fit third-order Birch-Murnaghan equations of state with the
program EosFit7 (Gonzalez Platas et al., 2016), and the results are shown in Figure 5b and Table
3. Our unconstrained third-order fit of the equation of state of tremolite in compression-regime |
results in a significantly lower value of K, (72 (+7) GPa) than the value of 85 GPa reported by
Comodi et al. (1991). The disagreement can be attributed to our use of a third-order finite strain
equation of state relative to their linear fit of pressure-volume data (which implicitly assumes a
K’ of 0). The value of K, of tremolite was reanalyzed by Comodi et al. (2010) using a second-
order equation of state (an assumed K’ of 4) using the Comodi et al. (1991) data, resulting in a
Ky of 76 (+£3). The values of K’ that we generate (8.6 (+4.2) for our unconstrained third-order
fit, and 5.7 (£2.1) for the fit with the bulk modulus constrained) would bring these values into
better agreement. Values of K’ that are greater than 4 for tremolite are also indicated by first-
principles calculations (Peng and Mookherjee, 2020): these yield, with the local density
approximation (LDA), a bulk modulus of 78.5 GPa, a K’ of 5.2, and a zero-pressure volume
underestimated by 2%.

A novel feature of our results is that the K’ values of compression-regimes II and III are
each high as well, with a notably large value of K’ (10.0) in the highest-pressure regime; and the
zero-pressure intercept of the trend of regime I1I (corresponding to Kp) is substantially below that
of the ambient bulk modulus of tremolite. These results are indicative of a positive value of K,
which is a quite unusual result for a crystalline silicate—almost all silicates for which the second
derivative of the bulk modulus has been constrained have negative values for this parameter

(e.g., Bass, 1995), and the default K value within the 3rd order Birch-Murnaghan equation of
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state is also negative for normal K’ values (Birch, 1978). Indeed, the 4th order fit shown in
Figure 5d illustrates this anomalous result: the upward curvature demonstrates that a positive K
is required for tremolite. This unusual value for K~ provides an additional motivation for the
division of the data into multiple compressional regimes. The positive value of K produces
progressively larger values of K across each of the three compressional ranges that we identify
based on our structural observations, and that occur as distinct domains within the Fe-fz plot.
The question that arises is thus: why does the inferred Ky drop and K increase within our
highest-pressure range (or, why is K” positive)? In this regard, the first-principles simulations of
tremolite to 10.6 GPa of Peng and Mookherjee (2020) provide some insights: within their LDA
simulations, the shear elastic constant css has a negative pressure-derivative at all pressures, and
c44 18 likely to have a negative derivative above ~12 GPa. A quadratic extrapolation of their
results on ¢;3 and ¢22 (in their simulations, the largest elastic constant) indicates that both this off-
diagonal modulus and principal modulus may begin softening near 32 and 36 GPa,
respectively—well within the pressure-range of our results. This extrapolation is relatively long
in pressure from Peng and Mookherjee’s (2020) results, and the precise onset pressure of a
negative derivative of these moduli (each of which contributes to the bulk modulus) is uncertain:
lower pressures of onset are by no means precluded. Hence, the available calculations on the
elasticity of tremolite under pressure strongly suggest that a suite of its elastic constants have
negative slopes at high pressures. As such, although we obviously do not have constraints on the
pressure dependence of tremolite’s full elastic tensor through the pressure range of our
experiments, available indications are that there will be an admixture of both hardening and
softening elastic constants at high pressures. The onset of softening of multiple constants could

give rise to a lower inferred Ky from our highest-pressure compressional range; the effect on K~
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and K of individual elastic constants with negative pressure-shifts is less straightforward to
predict, but will hinge on the net pressure-dependences of both the primary and off-diagonal
constants that contribute to the bulk modulus. A key finding here is that the strongly non-linear
pressure dependences of a range of tremolite’s elastic constants generated by theory (Peng and
Mookherjee, 2020) are likely to impact the higher-pressure, metastable compaction of tremolite:
a result compatible with our observation of differing compressional regimes, and positive K~
values, within this material.

Tremolite compresses anisotropically over the pressure range explored in the experiment,
with the greatest reduction of unit cell length occurring along the a-axis (~11% reduction at 38.7
GPa), followed by the b-axis (~7% reduction), and the least compressible direction along the c-

axis (~5% reduction). The axial compressibilities of tremolite, defined by Angel (2000a) as

Bio were calculated using the program EosFit7 (Gonzalez Platas et al., 2016) to fit the

= G
third-order Birch-Murnaghan equation of state to the unit cell parameter data for each
compression-regime (Table 3). Tremolite’s initial linear compressibilities 8, 5, , and g, are
calculated as 0.0082(4), 0.0037(19), and 0.0029(2) GPa™, respectively. Our results for g, and B,
agree within the estimated standard deviations with the values of g, = 0.0027 GPa™ and g, =
0.0026 GPa™' reported by Comodi et al. (1991), while our larger result of 8, = 0.0082 GPa’!
(reported as 0.0059 GPa'! by Comodi et al., 1991) again appears to stem from the difference
between a linear pressure-axial length fit as opposed to our usage of a third-order equation of
state, which allows for refinement of the pressure-derivative of the compressibility. Both our
results and those of Comodi et al. (1991) differ from the first-principles theory in the relative
order of the axial compressibilities: Peng and Mookherjee (2020) predict that g, > . > B,, while
the experiments each have g, > B, > .. The origin of this discrepancy is unclear, but the
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compressibilities along the b- and c-directions are substantially closer to one another in the
experiments than in the theory: this similarity is also in accord with elastic measurements on
tremolite (Brown and Abramson, 2016).

The order of axial compressibilities also differs between tremolite and the amphiboles of
the cummingtonite-grunerite solid solution. In our analysis of tremolite, we calculate the initial
axial compression-ratio (8,: Bp: B¢) as 2.22:1.0:0.78 (in comparison to Comodi et al.’s (1991)
ratio of 2.19:1.00:0.96), while Yang et al. (1988) reported 2.83:1.00:1.17 for the low-pressure
C2/m phase of cummingtonite and Yong et al. (2019) calculated a ratio of 1.49:1.00:1.10 for
C2/m a-grunerite. All three minerals are highly anisotropic under compaction, with the g-axis
being the most compressible direction. However, for tremolite, the c-axis is the least
compressible direction, while for cummingtonite and grunerite, it is the b-axis. Since the changes
in the compressibility for grunerite occur with phase transitions at similar pressures to the
compressibility changes in tremolite, it is interesting to contrast the behavior of the two minerals
across the three compression-regimes we observe in tremolite, and the transitions in grunerite.
With each change in the compression mechanism of tremolite, the compressibilities along the a-
and c-axes are reduced, while along the b-axis, the compressibility fluctuates near ~.0030 GPa'!
(Table 3) across all three regimes, leading to a general reduction in the compressional anisotropy
of tremolite with each regime change. In contrast, as grunerite transitions from C2/m a-grunerite
- P2;/m B-grunerite - C2/m y-grunerite, the ratios B : Bp: B evolve from 1.49:1.0:1.1 -
1.86:1.0:0.99 — 0.56:1.00:1.41 with the compressibility along the b-axis again fluctuating in a
narrow range, and increasingly anisotropic compressibilities along the other crystallographic
axes (Yong et al,, 2019). Hence, the compressional anisotropy of tremolite is substantially

decreased by pressure, with the relative ratios of axial compressibilities being 1.03:1.0:0.75 in
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the highest-pressure compressional range. A decrease in anisotropy of tremolite under
compression is also observed in the theoretical results (Peng and Mookherjee, 2020), but the
evolution towards nearly equal compressibilities of the a and b axes that we observe involves a
substantially more isotropic compressibility than is predicted theoretically. In contrast, the
compressional anisotropy of grunerite is augmented by its sequence of transitions. Thus, the
substantial stiffening of the @-axis in tremolite under compression implies that the vacant A-site
and the octahedral layers become substantially less compressible at the highest pressures of this

study.

High-pressure Structure Refinement and Compression Mechanisms:

High-pressure structural refinements were conducted for multiple pressures in each
compression-regime: at ambient pressure and 4.2 GPa in regime 1, 9.6, 13.1, and 16.8 GPa in
regime I, and 23.6 and 29.2 GPa in compression-regime III (supplemental table S2). Isotropic
refinement details are presented in the supplemental tables (S2, S3). We conducted an analysis of
changes in the bond lengths (Figure 6) and polyhedral/structural units (Figure 7) of the tremolite
structure, generated by the structure refinements, to evaluate its accommodation of compaction
in each compression-regime. The compression mechanism of tremolite has been previously
characterized to 4.1 GPa in the work of Comodi et al. (1991) and consists largely of a flattening
of the bowed tetrahedral chains such that the I-beam structural unit takes on a more uniform
thickness in the b-crystallographic direction and, consequently, the volume of the vacant A-site
18 reduced. Comodi et al. (1991) also note that compaction along the less compressible b- and c-
axes is primarily accommodated by an increased sense of O-rotation in the SiO4 tetrahedral

double-chains and distortion of the M site polyhedra. Our experimental results are concordant
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with this prior work and demonstrate that these trends continue with increasing pressure until, at
the compression-regime I-II transition, the tetrahedral chains are flattened, and the I-beam
displays a uniform thickness (Figure 7¢). This crossover of the 04-O4’ distance (at the edge of
the I-beams) and the O7-O7’ distance (at the center of the I-beams) near 6 GPa (Figure 7c) is
also observed in the LDA simulations at somewhat higher pressures (~8-9 GPa), but not in the
pressure range of simulations using the Generalized Gradient Approximation (GGA) (Peng and
Mookherjee, 2020). By the same token, the O4-O4” and O7-O7” distances (corresponding to the
I-beam spacing at their edge and center, respectively) also cross-over near this pressure.
Accordingly, we attribute the marked stiffening of (particularly) the a-axis of tremolite at the
transition from compression-regime I to II to the elimination of bowing of the I-beams (and,
correspondingly, the onset of a flattened space between them). Thus, we attribute the shift in the
ratios of axial compressibilities (Figure 4) to the loss of concavity of the I-beams, and the onset
of convexity.

The shift in compression from regime II to III appears to be more complex. The most
compressible unit within the structure is the Ca-site, and its compressibility appears to be
augmented within regime I1I (Figure 7b). Its internal geometry shifts markedly (Figure 6f): the
two 1initially longest calcium-oxygen 1ons (O5) compact dramatically under compression, and
crossover with the two Ca-O6 distances near the onset of regime III. As such, the eight-fold Ca
ion environment becomes substantially more regular under compression. In the same pressure-
range, a number of the Mg-O distances associated with particularly the Mg2 and Mg3 sites
appear to undergo increases in their compaction rate, as well (Figures 6b,c), as do their
polyhedral volumes (Figure 7c). Furthermore, the overall variability in bond distances in both the

Mgl and Mg3 sites is clearly enhanced in regime III, implying greater distortion of the Mg-sites.
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For comparison, few clear changes are observed in the bond angles associated with the
tetrahedral chains (Figure 7a) across the II-I1I shift. Accordingly, regime III appears to be
characterized by regular (but rapid) contraction of the Ca-polyhedron, accompanied by greater
compaction and distortion of the Mg-octahedra (the space between I-beams—the vacant A-site—
does continue to contract, bowing inward with its center becoming narrower than its edge: Figure
7c). In effect, compaction in regime III appears modulated by internal deformation and
compression of the M sites.

The compressional mechanisms acting in regimes II and III are consistent with the
presence and increased regularity of the eight-fold coordinated calcium cations in the M4 site
being critical in the inhibition of transitions into more closely packed structures. This importance
of the M4 site in the compressional behavior of tremolite is supported by the results of our
previous Raman spectroscopic study of tremolite to ~50 GPa, in which shifts in intensities of
spectral features above 10 GPa within low-frequency spectral regions associated with cation-
oxygen displacements are likely to be indicative of changes in the bonding environment of the
M4 site, but with no indication that tremolite undergoes a phase transition (Ott and Williams,
2020).

The role of differing cations (and particularly Ca) in the structural metastability of
tremolite under pressure can be quantitatively assessed from a bond-valence analysis (Brown,
2002). In these calculations, the steric stress on the structure is evaluated from the deviation of
the bond-valence sum for each cation from the ideal value (Z(S;) — vi)/vi), where Sj; is the bond-
valence between atoms i and j, and v; is the absolute value of atom i’s valence for each cation.
Figure 8 shows the results on the overbonding of the different cations in tremolite as pressure is

increased (here, negative values would imply underbonding; positive values indicate
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overbonding). At ambient pressures, the cations within tremolite are notably close to zero
overbonding (or underbonding)—each cation within the structure appears to be nearly optimally
bonded, indicating a sterically very compatible structure. At high pressures, the calcium ion
progressively becomes the most overbonded cation, with an overbonding level of ~75% at 30
GPa. The magnesium octahedra also become overbonded (and overbonded at similar levels to
one another) under compression, but only at the ~40% level. Hence, with such large degrees of
overbonding of the Ca-ion in tremolite, the issue of how and why tremolite remains metastable to
pressures of 40-50 GPa at 300 K emerges. The explanation appears likely to be topological:
under pressure, the Ca-ion’s environment converges on a not-overly distorted 8-fold site, held
between comparatively rigid structural I-beams within the tremolite structure. And, by the same
token, the ability of the tetrahedral chains to reorient also hinges on a marked and discontinuous

disruption of the Ca-polyhedron.

Implications:

Structural similarities between single- and double-chain inosilicates naturally lead to
comparisons of the structural properties and phase transition behavior of the pyroxene and
amphibole structures. The sensitivity of phase transitions to M site cation size and shifts in M
site coordination through a sequence of C2/c-P2,/c-C2/c phase transitions in high-pressure
studies of both natural and synthetic clinopyroxenes has been previously noted (e.g., Arlt et al.,
1998; Arlt and Angel, 2000; Yang and Prewitt, 2000; Tribaudino et al., 2001), although high-
pressure structural studies of the clinoamphiboles have been limited. The cummingtonite-

grunerite solid solution series undergoes a series of potentially analogous phase transitions at 300
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K in clinoamphiboles under compression, but the preservation of the C2/m phase of tremolite to
pressures of 40 GPa and higher raises questions of the role that calcium plays in dictating the
high-pressure metastability of tremolite. A plausible explanation for this difference in behavior is
that the size and occupancy of the eight-fold Ca cation site in tremolite impedes the ability of the
structure to undergo the chain rotations that break and form the new bonds associated with the
symmetry changes of clinoamphiboles with smaller M4 site cations: this scenario appears
consistent with our bond-valence calculations.

The persistence of metastable tremolite at low temperatures and/or short times is fully
consistent with its behavior under shock loading. Simakov and Trunin (1980) have shown that
the shock velocity-particle velocity trend of shocked tremolite is close to linear up to ~65 GPa,
implying that tremolite undergoes no major phase transitions at the high pressures, high
temperatures, and rapid times of shock-loading up to this pressure. Simakov and Trunin (1980)
present two shock data sets on tremolite with different initial sample porosities; the more
extensive of these is, in conjunction with the bulk sound velocity of Brown and Abramson
(2016), mildly better fit by a concave-upward quadratic. Although their data are sparse, such
curvature is consistent with a compression-induced increase in the first derivative of the bulk
modulus (e.g., Ruoff, 1967) and associated positive value of K, as is observed in Figure 5 under
compression. The planetary importance of this observation lies in the demonstration that Ceres-
sized, tremolite-rich, hydrated parent asteroidal bodies were present in the early solar system
(Hamilton et al., 2021), as well as the inference that tremolite may be abundant in
hydrothermally altered basaltic crust on both Mars and Venus (Griffith and Shock, 1995;
Johnson and Fegley, 2000, 2003). Thus, our results on the elasticity and metastability of

tremolite can provide a direct comparison with Hugoniot results, and are hence relevant to the
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properties of tremolite-bearing asteroids and planetary crusts under shock during accretionary
events. Metastable tremolite has also been invoked as playing a primary role in both
intermediate-depth earthquakes and in generating conductivity anomalies at depths substantially
deeper than its equilibrium stability within subduction zones (Scambelluri et al., 2017; Shen et
al., 2020). These results mirror recent results on glaucophane, which indicate its persistence at
low temperatures to depths (240 km, or ~8 GPa) well beyond its formal thermodynamic stability
limit (~3 GPa: Cheng et al., 2020) (Bang et al., 2021). Thus, our results strongly indicate that
tremolite should be stable in the C2/m space group throughout its persistence interval within the
planet. Moreover, our results demonstrate that the elastic anisotropy of tremolite markedly
decreases under compression: hence, calculations of the seismic anisotropy of mineral
assemblages within subduction zones that are based on the zero-pressure elastic anisotropy of
tremolite could markedly underestimate the amount of tremolite at depth. Our single-crystal
results further document that, at 300 K, tremolite in the C2/m space group has the largest
documented range of metastability of any amphibole phase persisting within the same space
group, and that this metastability is likely generated by the role of large calcium cations in
preventing the chain readjustments that generate phase transitions in other amphiboles.

Finally, we note that the interplay between the calcium ion’s presence in tremolite and
the inability of the tetrahedral chains to readjust may produce a structural contretemps that has a
likelihood of ultimately generating a structural instability (and possibly amorphization) at 300 K
at pressures higher than ~40 GPa. As previously noted, tracking of single-crystal diffraction from
tremolite proved impossible above this pressure due to the poor peak/background ratio of the
diffraction data. This loss of intensity occurred within the quasi-hydrostatic pressure range of the

neon pressure-medium, and was accompanied by no visible damage to the tremolite single-
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crystal. Similar peak/background ratio degradation has been reported previously at high
pressures in a-quartz by Hazen et al. (1989), where it was interpreted as the initial manifestation
of an incipient crystal-amorphous transition in the sample. Our previous Raman results were able
to track bands associated with tremolite to ~49 GPa (Ott and Williams, 2020), but the high
sensitivity of single-crystal X-ray diffraction peaks to mosaic spread in the sample facilitates
earlier observation of the onset of sample amorphization (Hazen et al., 1989). This evidence in
conjunction with both the marked stiffening of our current elastic results in regime III and the
marked decrease in pressure-shifts of most lattice mode shifts of tremolite in the pressure range
between 39 and 49 GPa indicate that tremolite may well be approaching a lattice instability, even
within a quasi-hydrostatic pressure medium.

Tremolite represents the Mg-rich endmember of the tremolite-actinolite-ferro-actinolite
solid solution, and it is thus interesting to consider the effect of increasing amounts of Fe?*
substitution for Mg?" in the M1, M2, and M3 sites of actinolite and ferro-actinolite. Any
substitution of high-spin Fe?* for Mg?* in these octahedral sites results in an increase in the size
of the central cation in these units, which may, in turn, induce a structural instability at lower
pressures. In an infrared spectroscopic study of the hydroxyl vibrations of amphiboles at high
pressures (Thompson et al., 2016), the pressure-shift of the hydroxyl B-band of actinolite (which
1 associated with a single Fe substitution in the three M1/M3 octahedral sites that coordinate the
hydroxyl groups) decreases to a near-zero pressure-dependence above ~30 GPa, which is
evocative of a saturation of the compression mechanism for this vibration. For comparison, the
hydroxyl A-band, which is coordinated by 3 Mg-ions, continues to increase with compression.
Hence, the presence of Fe appears to modulate the behavior of the hydroxyl bond in amphiboles

above 30 GPa. We speculate that increasing Fe** substitution on the tremolite-ferro-actinolite
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join carries with it the prospect of decreased metastability ranges for solid solutions with

actinolite and ferro-actinolite, respectively.
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Figure 1: Ambient pressure structure of the amphibole mineral tremolite, crystallizing in the
C2/m space group. Hydroxyl units, extending from O3 into the cavity in the ring of SiO4

tetrahedra were not resolved in the XRD data, and are not displayed in the structure.

Figure 2: The normalized unit cell parameters (a/ao, b/bp, and c/co) and the normalized volume
(V/Vy) of tremolite to ~39 GPa. Set 0 (gray markers) at ambient conditions, Sets 1, 2, and 3 at
high pressures in DAC with Ne pressure-medium. Uncertainties of the parameters are contained
within the markers. The deviation of set 3 from the other results above 22 GPa might be
associated with the onset of undetected non-hydrostatic conditions in the sample (e.g., possible

bridging of the crystal).

Figure 3: Response of the f-angle of C2/m monoclinic space-group member tremolite to high
pressures in Ne pressure-transmission medium loaded DAC. Uncertainties are contained within

the markers.

Figure 4: Unit cell parameter ratios a a/b and b a/c for the monoclinic amphiboles tremolite with
increasing pressure. Plots of the ratios for cummingtonite (Yang et al., 1998), and grunerite
(Yong et al., 2019) included for comparison. Slopes of the axial ratios for each region are fit

linearly by least squares.

Figure 5: a Fi-fz plot for tremolite with least squares fit lines for the determination of K,y and
Ky for each compression-regime and b the unit cell volumes of tremolite plotted with fits of a

third-order Birch-Murnaghan (B-M) equation of state. Chi-squared test results of EoS fit are 0.09

34

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8278. http://www.minsocam.org/

(regime I), 0.14 (regime 1I), and 0.96 (regime III). A larger Chi-squared value in regime III is
anticipated, given the scatter in this portion of the dataset and the extrapolation to Vo at ambient
pressure from a small dataset at these high pressures. Nevertheless, the fit values for Vo in each
regime were essentially indistinguishable from the observed ambient pressure value. Dotted
black curve is 3" order B-M fit to regime I with constrained Ko value of 78 GPa (after Brown
and Abramson, 2016). ¢ Confidence ellipses at the 68.3% level in Koand K’ for the 3™ order
equation of state fits in regime I, II, and III. Confidence ellipses at the 99.9% level extend to non-
physical (negative) Ko values and are not included. d Volume-pressure data fit with a fourth-
order B-M equation of state. Chi-squared test of EoS fit is 0.33, and this fit yields an unusual K’
value of 0.221. e 68.3% and 99.9% confidence ellipses in Ko and K’ for the 4™ order B-M EoS fit
display much smaller K’/Kj spread than our 3" order B-M results due to the addition of a

refinable K” parameter.

Figure 6: a-f Refined bond lengths within different polyhedra in tremolite. Datasets 1 and 2 did
not yield stable structural refinements, therefore only set 3 (supplemental table S2) is shown.
Lines are trends within each compressional regime that are noted in the text and are intended

solely to guide the eye.

Figure 7: a Bond angles associated with tetrahedral chains in tremolite. Tetrahedral rotation
angles calculated as average deviation of six-member ring-associated O-O-O angles (unfilled
symbols) from 120°. b Polyhedral volumes as a function of compression. ¢ I-beam thicknesses
and spacing under pressure; O4 separations correspond to the edge of the I-beam, and O7

distances correspond to its center. d-f Tremolite structural evolution with increasing pressure
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viewed normal to the b-c plane displays modification of SiO4 tetrahedra into an increasingly O-
rotated configuration. Tetrahedra are O-rotated by 12.5° at ambient conditions, d 15.6° at 4.24
GPa, e 21.9° at 13.1 GPa, and f 28.7° at 29.2 GPa. Both silica double-chains are symmetrically
equivalent as the tremolite structure retains C2/m symmetry throughout this study. Datasets 1 and
2 did not yield stable structural refinements, therefore only set 3 (supplemental table S2) is
shown. Arrows have been added to panels e and f to illustrate the relative motion of corner-

shared oxygens resulting from the rotation of silica tetrahedra.

Figure 8: Normalized cation overbonding versus pressure for tremolite, calculated as (bond-
valence sum — cation charge)/cation charge. Uncertainties are calculated from an order-of-
magnitude estimate of bond length uncertainty propagated through the overbonding calculation
for a maximum uncertainty of +3.5%. Datasets 1 and 2 did not yield stable structural

refinements, therefore only set 3 (supplemental table S2) is shown.
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Table 1: Ambient conditions single-crystal structure refinement for C2/m tremolite.

Atom X y z Ueq
Mgl 0 0.08798(10) 0.5 0.0054(4)
Mg2 0 0.17640(10) 0 0.0051(4)
Mg3 0 0 0 0.0047(5)
Cal 0 0.27794(6) 0.5 0.0085(3)

Sil  0.28088(9)  0.08394(5) 0.29756(19)  0.0046(3)
Si2  0.28861(8) 0.17115(6) 0.80553(19)  0.0042(3)
Ol  0.1121(2) 0.08555(14) 0.2182(5)  0.0058(6)
02  0.11882) 0.17053(15) 0.7242(5)  0.0061(6)
O3/F*  0.1064(3) 0 0.7145(6)  0.0091(12)
04  03651(2) 0.24807(15) 0.7924(5)  0.0068(6)
05  03465(2) 0.13441(15)  0.1000(5)  0.0065(6)

06  03445(2) 0.11887(15) 0.5895(5)  0.0065(6)

07  0.3385(3) 0 0.2932(7)  0.0076(8)
Measured reflections 3421
Independent reflections 845
Parameters refined 97
Rint 0.0969
Goodness of fit 1.054
wRz2 0.0991
Ri(all 845 data) 0.0523
R (677 data Fo > 4 oro) 0.0378

a: Substitutional disorder of O3/F refined to 0.56(7)/0.44(7) occupancy
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Table 2: Unit cell parameters and volumes of tremolite at pressures up to 38.7 GPa.

Set  Pressure (GPa) a(A) b (A) c(A) B () V (A3)
0 0.0001 9.833(2) 18.046(4) 5.274(1) 104.76(3) 904.9(3)
1 1.0 9.751(7) 17.9836(10) 5.2613(3) 104.923(20) 891.5(7)
2 1.9 9.707(2) 17.9663(13) 5.2485(3) 104.949(8) 884.4(2)
1 2.5 9.675(8) 17.9115(12) 5.2423(4) 105.210(20) 876.7(7)
1 3.7 9.598(6) 17.8530(8) 5.2253(2) 105.183(17) 864.1(5)
3 4.2 9.6198(55) 17.8738(100)  5.2280(28)  105.192(11) 867.5(8)
1 4.9 9.558(4) 17.7960(11) 5.2106(3) 105.276(13) 854.9(4)
2 5.9 9.519(2) 17.7856(13) 5.2010(3) 105.185(9) 849.8(2)
1 7.2 9.476(4) 17.6935(10) 5.1863(3) 105.397(13) 838.3(3)
1 8.8 9.423(4) 17.6235(11) 5.1690(3) 105.455(14) 827.4(4)
2 9.4 9.407(2) 17.6438(14) 5.1681(3) 105.284(9) 827.4(2)
3 9.6 9.4132(5) 17.614(9) 5.163(3) 105.374(11) 825.4(8)
2 10.0 9.392(3) 17.6175(15) 5.1618(3) 105.287(9) 823.9(2)
1 10.3 9.383(4) 17.5682(10) 5.1548(3) 105.469(13) 818.9(3)
1 11.1 9.335(4) 17.5408(10) 5.1489(3) 105.485(13) 812.5(4)
2 11.6 9.334(2) 17.5575(14) 5.1483(3) 105.272(9) 813.9(2)
1 12.0 9.305(3) 17.5050(9) 5.1402(2) 105.523(11) 806.7(3)
1 12.9 9.289(4) 17.4767(10) 5.1332(3) 105.525(12) 803.0(3)
3 13.1 9.2896(49) 17.4387(84)  5.1176(26)  105.404(11) 799.3(7)
2 13.9 9.268(2) 17.4762(14) 5.1305(3) 105.274(9) 801.6(2)
1 14.3 9.245(4) 17.4204(10) 5.1190(3) 105.499(12) 794.4(3)
2 14.8 9.233(2) 17.4362(14) 5.1217(3) 105.247(9) 795.5(2)
1 153 9.228(4) 17.3850(10) 5.1133(3) 105.476(12) 790.6(3)
1 16.2 9.202(4) 17.3576(11) 5.1049(3) 105.454(14) 785.9(3)
3 16.8 9.2335(66) 17.3323(118)  5.0946(36)  105.395(11)  786.1(10)
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2

2

17.4

221

23.6

24.5

28.0

29.2

313

33.1

358

38.7

9.170(5)
9.040(3)
9.0287(100)
8.994(3)
8.920(4)
8.8076(104)
8.894(5)
8.870(5)
8.846(7)

8.749(8)

17.3214(12)
17.1989(16)
16.9959(182)
17.1392(18)
17.0400(30)
16.7122(166)
17.0140(30)
16.9630(30)
16.9510(40)

16.8430(50)

5.0983(3)
5.0800(3)
5.0135(55)
5.0696(3)
5.0555(5)
4.9411(49)
5.0460(5)
5.0404(5)
5.0334(7)

5.0211(7)

105.388(15)
105.119(11)
105.305(15)
105.153(11)
105.000(17)
105.067(23)
105.192(16)
105.217(18)
105.310(20)

105.130(20)

780.8(4)
762.5(2)
742.0(14)
754.3(2)
742.2(3)
702.3(13)
736.9(3)
731.8(4)
727.9(5)

714.3(6)

Note: Tremolite structure symmetry is C2/m for all pressures investigated. Set 0 is the ambient

conditions dataset, sets 1, 2, and 3 are high-pressure DAC measurements in a Ne gas transmission
medium. Structural refinements were unstable for sets 1 and 2, therefore high-pressure structural
refinements have only been reported for set 3 (supplemental table S2).
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Table 3: Third-order Birch-Murnaghan equation of state fit data for tremolite.

Compression

Regime I I# II 111

Pmin (GPa) 0.0001 0.0001 7.2 22.1

Pmax (GPa) 59 59 17.4 38.7

K, (GPa) 72(7) 788 77(2) 61(1)
Kir 8.6(42) 5.7(21) 6.0(3) 10.0(2)
Vo 904.48(328) 904.15(181) 905.03(146) 902.51(123)
B, 0.0082(4) 0.0053(17) 0.0029(10)
B, 0.0037(19) 0.0025(8) 0.0028(4)
B. 0.0029(2) 0.0024(13) 0.0021(1)

ﬁa:ﬁb:ﬁc 2.22:1.0:0.78 2.12:1.0:0.96 1.03:1.0:0.75

a: Constrained fit with a fixed bulk modulus of 78 GPa
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